based polymers; see, e.g. (29) or (30). However, the origin of this difference is controversial and may depend on photooxidation of the sample or the intensity of the excitation beam in addition to interchain effects; see, e.g. (30) (31) (32) . No matter how the effect arises, under the conditions of our experiments, the decay of MEH-PPV's excited state absorption is different in solution and film environments (Fig. 2) . Thus, we can use excited state absorption to help determine the local environment of the polymer in different regions of the composite sample. 29. M. Yan, L. J. Rothberg, E. W. Kwock, T. M. Miller, Phys.
Rev. Lett. 75, 1992 Lett. 75, (1995 We report here on a novel realization of a field-effect device that allows switching between insulating and superconducting states, which is the widest possible variation of electrical properties of a material. We chose C 60 as the active material because of its low surface state density and observed superconductivity in alkali metal-doped C 60 . We induced three electrons per C 60 molecule in the topmost molecular layer of a crystal with the field-effect device, creating a superconducting switch operating up to 11 kelvin. An insulator was thereby transformed into a superconductor. This technique offers new opportunities for the study of superconductivity as a function of carrier concentration.
The basic idea of an ideal electric "valve" goes back to the late 1920s and involves switching between high-and low-resistance regimes by an applied electric field (1). However, reliable devices could not be prepared until 30 years later (2), surface states of inorganic semiconductors, such as silicon or germanium, being the major hurdle. Since then, the silicon fieldeffect transistor (FET) has become the cornerstone of modern semiconductor industry and technology. In addition, there has been an ongoing effort to modulate superconductivity in thin films by an applied static electric field (3). Shifts of the transition temperature T c of up to 30 K have been observed in high-T c cuprate films, caused by changing the concentration of charge carriers in the electronically active CuO 2 layers (4, 5). However, complete field-induced switching between superconducting and insulating states remains a desirable goal. Here we report on a novel C 60 -based field-effect device, an ultimate switch between the insulating and superconducting regimes of chemically pure C 60 .
Working with C 60 as the starting material is advantageous because so much is known about transport, and ultimately superconductivity, in C 60 when electrons are induced by chemical doping (6, 7) . Undoped C 60 has a band gap of approximately 2 eV and is therefore insulating, whereas alkali metal-doped C 60 (A 3 C 60 ) exhibits metallic conductivity and, at low temperatures, superconductivity. Furthermore, working with van der Waalsbonded materials, such as molecular crystals, offers the inherent advantage of low surface state densities because of the absence of dangling bond-type surface states. Previous studies on organic semiconductors such as pentacene have shown that in an organic FET the chemical potential can be shifted easily across the band gap of the semiconductor, leading to n-as well as p-channel activity (8) .
We have grown C 60 single crystals that are several mm 3 in size in a stream of hydrogen in an apparatus similar to that used for the growth of other organic semiconductor crystals (9) . Multiply sublimed material was used as a starting material. In order to prepare field-effect devices on C 60 single crystals, we evaporated gold source and drain contacts on smooth growth surfaces through a shadow mask. Channels were typically 25 to 50 m long and 500 to 1000 m wide. Sputtered Al 2 O 3 with a capacitance C i of 185 nF/cm 2 was used as the gate dielectric. Finally, a gold gate electrode was deposited on top of the oxide (Fig. 1) . FET measurements were carried out in vacuum at temperatures between 4 and 300 K. Additional space charge-limited current measurements were used to determine the number of electrically active defects in these high-quality single crystals (10) . Trap concentrations (deep levels) as low as 3 ϫ 10 12 cm Ϫ3 (one per 5 ϫ 10 8 C 60 molecules) are estimated. This level is significantly lower than those reported earlier for other vacuum-grown crystals (11) .
Previous thin film C 60 transistors exhibited n-type behavior and field-effect mobilities of 0.09 cm 2 /V•s (12) . Figure 1 shows the typical transistor characteristics at room temperature for single-crystal devices. These devices show n-as well as p-channel activity, reflecting the ambipolar transport in these high-quality single crystals and further emphasizing the low interface state density of the FET. Electron and hole mobilities of 2.1 and 1.8 cm 2 /V•s, respectively, are deduced from standard semiconductor equations (13) . At room temperature, the channel resistance can be varied over approximately nine orders of magnitude by the applied gate bias (Fig. 2A) . Figure 2A shows the channel resistance as a function of gate charge (n ϭ C i V g /e, where n is the charge carrier density, C i is the capacitance, V g is the gate voltage, and e is the elementary charge) at room temperature and 5 K. The initial drop of the resistance at a few volts reflects the turn-on of the FET. At larger bias, charge accumulates in the channel, leading to a gradual decrease of the resistance. Finally, at very high positive gate voltages, the channel resistance drops abruptly to zero below a critical temperature T c of 11 K. The channel evidently becomes superconducting. The drop of the resistance depends both on the applied gate voltage and on the temperature. This is shown in Fig. 2B , where the channel resistance is plotted versus temperature and the gate charge. A priori we do not know the electronic nature of the superconducting channel; that is, how many molecular layers become supercon- ). In bulk A x C 60 , this carrier concentration is known to produce the optimum T c , as the Fermi level lies near the maximum in the density of states of the conduction band. A more detailed map of the superconducting T c as function of gate bias, expressed in terms of electrons per C 60 , is shown in Fig. 3 . The critical temperature is maximal for three electrons per C 60 molecule (14) . Hence, we conclude that fieldinduced doping results in the same superconducting phenomena as does chemical doping in bulk A 3 C 60 .
Modifying the lattice constant of A 3 C 60 by doping or pressure results in a change of the lattice constant and of the electronic bandwidth, and therefore of the density of states at the Fermi level. Consequently, T c varies in accordance with Bardeen-CooperSchrieffer theory (6, 16, 17) . A systematic variation of T c with the lattice constant is indeed observed for A x C 60 (slight deviations from the cubic crystal structure are ignored here). The value of T c ϭ 11 K observed in our field-effect switch is slightly lower (Ϸ3 to 4 K) than expected from the "universal curve" (Fig. 4) . This T c reduction might be ascribed to the two-dimensional nature of the channel region as compared to the three-dimensional properties of bulk samples (15) .
A first characterization of the superconducting channel involves the upper critical magnetic field H c2 (Fig. 5) . The slope of the critical field (dH c2 /dT ) is approximately Ϫ5 T/K in the range reported for bulk A 3 C 60 (6) . Using the standard extrapolation to T ϭ 0 K, we can estimate the coherence length to be on the order of 30 Å. This is further evidence that superconductivity in a C 60 field-effect device is of the same type as in A 3 C 60 . The filling of the band is controlled by the applied gate voltage, and because of the strong electron-phonon interaction in this material, the channel region becomes superconducting below 11 K. The possibility of investigating superconductivity as function of electron (or hole) density in a simple FET device opens up various opportunities to find superconductivity in new classes of materials, especially organic semiconductors. In addition to being able to implement the longstanding idea of an ultimate field-induced switch (insulator-superconductor transformation), this technique also opens up new ways to substantially modify the electronic state in molecular crystals.
The Archean Sulfur Cycle and the Early History of Atmospheric Oxygen Donald E. Canfield,* Kirsten S. Habicht, Bo Thamdrup
The isotope record of sedimentary sulfides can help resolve the history of oxygen accumulation into the atmosphere. We measured sulfur isotopic fractionation during microbial sulfate reduction up to 88°C and show how sulfate reduction rate influences the preservation of biological fractionations in sediments. The sedimentary sulfur isotope record suggests low concentrations of seawater sulfate and atmospheric oxygen in the early Archean (3.4 to 2.8 billion years ago). The accumulation of oxygen and sulfate began later, in the early Proterozoic (2.5 to 0.54 billion years ago).
Life has dramatically modified the surface chemistry of Earth. A most conspicuous expression of this is the accumulation of oxygen, a product of oxygenic photosynthesis by plants and cyanobacteria, into the atmosphere and oceans. Atmospheric oxygen promotes the oxidative weathering of rocks on land, forming oxidized species such as iron oxides and soluble sulfate (1) . As a result, the accumulation of sulfate into the oceans (the concentration is presently 28 mM) and the formation of iron oxides during weathering on land are two substantial geochemical expressions of oxygen accumulation into the atmosphere (1, 2) . Still, considerable controversy and debate surround when atmospheric oxygen first began to accumulate. In one scenario, atmospheric oxygen reached present-day levels by the earliest Archean [3.8 billion years ago (Ga)] and has persisted in high concentrations ever since (3). In another scenario, atmospheric oxygen first began to accumulate much later, around 2.2 to 2.3 Ga in the early Proterozoic (2). Present-day levels may not have been reached until sometime in the Neoproterozoic, 0.54 to 1.0 Ga (4). The history of seawater sulfate concentrations is germane to differentiating between these two models for atmospheric oxygen accumulation. Low concentrations of seawater sulfate into the early Archean would be consistent with, and provide evidence for, low early Archean concentrations of atmospheric oxygen (5) . Inferences as to the history of seawater sulfate accumulation are based, primarily, on interpretations of the sulfur isotope record of ancient sedimentary sulfide minerals. This record shows sedimentary sulfides between 3.4 and 2.8 Ga with isotopic compositions of Ϯ5 per mil (‰) around a contemporaneous seawater sulfate isotopic composition [␦ 34 S (6)] of 2 to 3‰ (7). The principal feature of this record is the small isotope difference between seawater sulfate and sedimentary sulfides.
The interpretation of this record is based on our understanding of the factors controlling isotope fractionation during sulfate reduction by sulfate-reducing bacteria. These bacteria are responsible for most of the sulfide formed in modern marine sediments. There is a tendency for pure cultures of sulfate-reducing bacteria to fractionate less as specific rates (rate per cell) of sulfate reduction increase (8) . Increasing temperature can lead to higher specific rates for individual species of sulfate reducers, and, therefore, lower fractionations might be expected at higher temperatures. Thus, minimally fractionated early Archean sedimentary sulfides may have formed at rapid rates of sulfate reduction in a warm, sulfate-rich (10 to 28 mM) ocean (3, 9) , providing support for high early Archean atmospheric oxygen concentrations (3, 9) .
This ocean model requires extensions of relations between specific rates of sulfate reduction, temperature, and isotope fractionation beyond current observations. Thus, for Desulfovibrio desulfuricans, the most studied sulfate-reducing bacterium, fractionations of 10 to 26‰ are observed at 40°to 45°C, the upper temperature limit for the survival of the organism, where specific rates of sulfate reducDanish Center for Earth System Science (DCESS) and Institute of Biology, Odense University, SDU, Campusvej 55, 5230 Odense M, Denmark.
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